We have recently isolated three cytochrome P450 genes, named Le.cyp1, Le.cyp2, and Le.cyp3, from the basidiomycete Lentinula edodes. 1) Differently from Le.cyp1 and Le.cyp2, Le.cyp3 was found to be a defective gene. The deduced amino acid sequences of Le.CYP1 (CYP510A1, 500 amino acids) and Le.CYP2 (CYP510A3, 499 amino acids) were highly similar to each other (87% identical) and they had 32-33% identities to that of the basidiomycete Coprinus cinereus P450 (CYP502) and 27-28% identities to those of two Aspergillus P450s (CYP64 family). 1) Quantitative RT (reverse transcription)-PCR analysis of the transcripts of Le.cyp1 and Le.cyp2 genes showed that these genes are not constantly transcribed in the course of fruiting-body development and in parts of fruiting body of L. edodes; the primordium appeared to contain larger amounts of these transcripts, and the transcript levels of these genes in the stipe of the premature fruiting body were higher than those in the whole pileus and gill tissue. 1) To study the physiological function (in L. edodes) of L. edodes P450, it is necessary to investigate its catalytic property. To do this, it is required to establish a system to identify the substrate(s) of L. edodes P450 from among many candidate compounds extracted from L. edodes mycelial cells. So as a first step, we planned to express L. edodes P450 enzyme in a heterologous host and examine the possibility of identification of its substrate(s). We selected the simplest fungus Saccharomyces cerevisiae as a heterologous host, in which foreign P450s had been reported to be expressed functionally. 2, 3) Although S. cerevisiae contains three endogenous P450s responsible for ergosterol biosynthesis 4, 5) and spore formation, 6) these P450 levels were extremely low under the aerobic culture conditions used for the experiments. 7) This enables heterologous P450s to integrate into microsomal membranes and to show these own catalytic activities. 7) So we produced Le.CYP1 in S. cerevisiae, of which the gene Le.cyp1 showed a higher transcript level than Le.cyp2, 1) and analyzed its reaction, revealing that 7-ethoxycoumarin and benzo(a)pyrene are the substrates of Le.CYP1 enzyme.
Materials and Methods
Construction of Le.cyp1 cDNA expressing recombinant plasmid and introduction of it into S. cerevisiae. The S. cerevisiae expression vector pYES2 (Invitrogen) and recipient strain INVSc1 (MATa, his3-Á 1, leu2, trp1-289, ura3-52) strain (Invitrogen) were used. HA-(influenza hemagglutinin protein) tagging 8) was done by inserting of three units of the HA epitope nucleotide sequence (1 unit, 5 0 TACCCATACGACGTCCCAGAC-TACGCT3 0 ) into the immediate upstream of the ATG codon of the Le.cyp1 cDNA sequence and the resulting DNA fragment was inserted between EcoRI and XbaI sites of pYES2 (see Fig. 1 ). The recombinant plasmid (named pYES2-HA-Le.cyp1) and pYES2 were introduced into INVSc1 by PEG (polyethylene glycol)-lithium acetate method. 9) Transformants obtained were selected by growing on the minimal medium according to the procedures previously described. 10) Cultivation of the recombinant S. cerevisiae cells and preparation of microsomal fractions from them. minimal medium containing 2% (w/v) galactose. The microsomal fractions were prepared from both strains basically according to the method previously described.
11) The recombinant S. cerevisiae cells (5 Â 10 9 cells) were collected and washed in 25 ml of TEK buffer (50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 100 mM KCl) before a 10-min incubation at room temperature in the same buffer containing 100 mM -mercaptoethanol. The pellet was resuspended in 3 ml of TES-A buffer (50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 2 M sorbitol) containing 15 mg of Zymolyase 20T (Seikagaku Kogyo, Tokyo). Incubation was done with gentle shaking for 40 min at 30 C. The resulting spheroplasts were washed twice in TES-A buffer, then resuspended in 10 ml of TES-B buffer (50 mM Tris-HCl (pH 7.4), 2 mM EDTA, 0.6 M sorbitol) containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and lysed by Vortex-mixing and homogenization. The lysate was centrifuged at 3,500 rpm for 5 min to precipitate cell debris, then the supermatant was centrifiged 10,000 rpm for 10 min to precipitate mitochondria. Addition of 1 g of PEG 4000 to the supernatant (10 ml), followed by a 15-min incubation on ice and centrifugation at 10,000 rpm for 10 min enabled us to recover the microsomal fractions. Pellets were suspended in storage buffer (50 mM TrisHCl (pH7.4), 1 mM EDTA, 20% (v/v) glycerol and 1 mM PMSF) at À70
C. The protein concentration of each of the fractions was measured by the method of Bradford 12) using bovine serum albumin (BSA) as a standard.
Northern-blot hybridization. Total cellular RNA was isolated from the recombinant S. cerevisiae strains according to the procedures previously described. 13) The RNA samples (20 g each) were size-fractionated on 2.2 M formaldehyde-1.2% (w/v) agarose gels and transferred to a nylon filter. Hybridization work was done using the 32 P-labeled probes as in the previous paper.
14)
SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblot hybridization. The microsomal protein samples (2 g each) were separated on 10% (w/v) SDS-polyacrylamide gels and stained with Coomassie Brilliant Blue or transferred to PVDF membrane (Amersham Pharmacia biotech) for immunoblot analysis. Immunodetection of target protein was done using ECL Plus western blotting detection system (Amersham Pharmacia biotech). After blocking the protein-transferred membrane with 5% non-fat milk for 16 h, the primary antibody HA-probe (F-7) (Toyobo, Japan) was reacted with antigen on the membrane for 1 h at room temperature and then, the secondary antibody antimouse HRP (horseradish peroxidase) conjugate was reacted for 1 h at room temperature.
Measurement of the enzymatic activities in the microsomal fractions of S. cerevisiae. Endogenous NADPHdependent cytochrome P450 reductase (CPR) activity in the microsomal fraction was measured by the procedures of Urban et al.
15) The reaction mixture (1 ml in cuvette) contained of 50 mM Tris-HCl (pH7.5), 1 mM EDTA, 2 mg of horse heart cytochrome c (Nacalai tesque, Japan), 10 g of total protein of the microsomal fraction, and 50 g of antimycin A. The reaction was started by adding NADPH (Oriental Yeast Co., Ltd., Japan) to give a final concentration of 0.1 mM and monitored by measuring at 25 C of the absorbance at 550 nm using Ultrospec 3000 UV/Visible spectrophotometer (Pharmacia biotech). The rate of reduction of cytochrome c was calculated using its differential absorption coefficient (21 mM À1 cm À1 ) at 550 nm. For measurement of NADPH consumption depending on P450 activity, the reaction mixture (1 ml in cuvette) containing 50 mM Tris-HCl (pH7.5), 1 mM EDTA, 10 g of total protein of the microsomal fraction, 0.01% sodium cholate, and 0.1 mM NADPH was prepared. The reaction was started by adding 10 l of 10 mM each 7-ethoxycoumarin (Wako, Japan), benzo(a)-pyrene (Wako, Japan), afratoxin B1 (Acros organics, USA), ergosterol (Nacalai tesque, Japan), lanosterol (Nacalai tesque, Japan), or cholesterol (Sigma Aldrich, Japan), all of which were dissolved in methanol, and NADPH absorption at 340 nm was measured at 25 C. The level of NADPH consumption was calculated using its differential absorption coefficient (6200 M À1 cm À1 ) at 340 nm.
The same reaction mixture was used for analysis of the P450 reaction. The reaction (at 30 C) was started by adding 10 l of 10 mM each of 7-ethoxycoumarin or benzo(a)pyrene and stopped by adding 1 ml of ethyl acetate. After mixing the solution, ethyl acetate layers (0.5 ml each) were collected and dried. The resulting residues were dissolved in 200 l of methanol and were analyzed by HPLC system at a flow rate of 1.0 ml min À1 on a Wakosil-II 5C18HG column (Wako, Japan) at 37 C. The eluent was monitored by measuring the absorbance at 254 nm at 25 C. The mobile phase was methanol/H 2 O (1:1, v/v) for 7-ethoxycoumarin and 7-hydroxycoumarin (Wako, Japan) and acetonitrile/H 2 O (9:1, v/v) for benzo(a)pyrene. Retention time in the HPLC system was 7.9 min for 7-ethoxycoumarin, 2.8 min for 7-hydroxycoumarin, and 12.3 min for benzo(a)pyrene.
Results and Discussion
Production in S. cerevisiae of the Le.cyp1 cDNA product, Le.CYP1 S. cerevisiae INVSc1 carrying the Le.cyp1 cDNA expression plasmid pYES2-HA-Le.cyp1, i.e., INVSc1[pYES2-HA-Le.cyp1] was used for the experiments. The HA-tagging was done to visualize the location Le.CYP1 protein (see Figs. 1 and 2 ). The INVSc1 carrying the vector pYES2, i.e., INVSc1[pYES2] was used as a control. To investigate the transcriptional expression of Le.cyp1 cDNA in INVSc1[pYES2-HA-Le.cyp1], total cellular RNA isolated from the recombinant strain was analyzed by Northern blotting using the 32 P probes of HA-tag sequence and Le.cyp1 cDNA sequence. The both probes gave a single signal at the position corresponding to about 1.6 kb (data not shown). The size of 1.6 kb was consistent with the expected size of the Le.cyp1 cDNA transcript. No signal was obtained in the RNA blot from the control INVSc1[pYES2].
Next, the production and localization of HA-Le.CYP1 protein in the INVSc1[pYES2-HA-Le.cyp1] were ana- lyzed. In S. cerevisiae (as like in other eukaryotes), the majority of P450 protein has been reported to be present in microsome (endoplasmic reticulum (ER)). 3, 16) The total protein contained in the microsomal fractions of INVSc1[pYES2-HA-Le.cyp1] and INVSc1[pYES2] were separated by SDS-PAGE and transferred to PVDF membrane. The protein-transferred membrane was analyzed by immunoblotting using anti-HA antibodies. As shown in Fig. 2, a 15) was analyzed. We used commercially available cytochrome c in place of cytochrome P450. Similar levels of the CPR activity (250 pmoles min À1 g of microsomal protein À1 ) were observed in both of the microsomal fractions of INVSc1[pYES2-HA-Le.cyp1] and INVSc1[pYES2] ( Table 1 ), indicating that the microsomes were prepared without crucial damages from the two strains.
Next, we attempted to identify the substrate of the Le.CYP1 reaction. Since a P450 reaction is NADPHdependent, Le.CYP1 activity is judged by monitoring the decrease of NADPH absorption at 340 nm. To the reconstituted system of the microsomal fraction containing Le.CYP1 protein, 0.1 mM each of the compounds, i.e., ergosterol, lanosterol, cholesterol, aflatoxin B1, 7-ethoxycoumarin, or benzo(a)pyrene was added and tested. These compouds were selected based on the data of the substrates for other P450 enzymes. 17) Although the absorption of NADPH was not changed by addition of aflatoxin B1, ergosterol, lanosterol, or cholesterol, the addition of 7-ethoxycoumarin and benzo(a)pyrene resulted in a remarkable consumption of NADPH (Table 1) . Even by addition of 7-ethoxycoumarin and benzo(a)pyrene, the consumption of NADPH was not observed in the case of the microsomal fraction containing no Le.CYP1 (Table 1) . These results strongly suggested that 7-ethoxycoumarin and benzo(a)-pyrene are the substrates of the Le.CYP1 enzyme.
Some mammal P450 enzymes have been reported to convert 7-ethoxycoumarin into 7-hydroxycoumarin. 18) Since silica gel thin-layer chromatography (TLC) suggested that Le.CYP1 also catalyzes the same reaction (data not shown), the reaction sample of Le.CYP1-containing microsomal fraction and 7-ethoxycoumarin was analyzed by HPLC. The Le.CYP1-containing microsomal fraction actually showed the conversion of 7-ethoxycoumarin into 7-hydroxycoumarin (Fig. 3D ). In the case using the microsomal fraction containing no Le.CYP1, the conversion of 7-ethoxycoumarin was not observed (data not shown). These results confirmed the Le.CYP1-catalyzed the conversion of 7-ethoxycoumarin into 7-hydroxycoumarin. The amounts of the substrate (7-ethoxycoumarin) and the reaction product (7-hydroxycoumarin) were estimated by analyzing the peaks of HPLC chromatogram obtained for the fixed amounts of the substrate and the product (Fig. 3A and B) . As shown in Table 2 , the Le.CYP1 enzyme was found to generate 7-hydroxycoumarin at the rate of 23 pmoles min À1 g of microsomal protein À1 . The rate of decrease of 7-ethoxycoumarin was to be 35 pmoles min À1 g of microsomal protein À1 . We can not clearly explain why the rate of 7-hydroxycoumarin production does not coincide with that of the 7-ethoxycoumarin decrease, but it may be possible to consider that a reaction intermediate which can not be fully extracted with ethyl acetate was produced. The reaction sample of Le.CYP1-containing the microsomal fraction and benzo(a)pyrene was also analyzed by HPLC. The Le.CYP1-containing the microsomal fraction caused the decrease of the amount of benzo(a)pyrene, but the microsomal fraction containing no Le.CYP1 did not (data not shown). The rate of decrease of benzo(a)pyrene was to be 13 pmoles min À1 g of microsomal protein À1 ( Table 2) . The reaction product, however, could not be measured for benzo(a)pyrene. The decrease of the amount of benzo(a)pyrene was inhibited by carbon monoxide, which can bind to the haem and exclude substrate. So the reaction was clear to be catalyzed by Le.CYP1. There is the possibility that some reaction product(s) which is highly reactive to a biomolecule and is not recovered by extraction with ethyl acetate was generated.
By using the heterologous protein expression system of S. cerevisiae, the substrates of the basidiomycete L. edodes P450 enzyme (Le.CYP1) (produced in the yeast) were found to be 7-ethoxycoumarin and benzo(a)pyrene. Although the cytochrome P450-mediated biotransformation of benzo(a)pyrene has been reported in the basidiomycete Phanerochaete chrysosporium and Pleurotus pulmonarius, 16, 19) the catalytic action on both of benzo(a)pyrene and 7-ethoxycoumarin is first case as far as we know. The system we developed in this paper should be helpful to determine the endogenous substrates of L. edodes P450 enzyme, and to clarify the physiological function in L. edodes of the P450 enzyme. 
